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Cell Stem Cell
Previewsreprogramming transgene (KLF4) is
required in addition to the standard
mESC factors (LIF and small-molecule
inhibitors). However, the reprogramming
transgenes required for the conversion
to the mESC-like state could be replaced
by forskolin, a small molecule critical to
mouse and human embryonic germ cells
(EGC) derivation (reviewed by Kerr et al.,
2006). Similar to human EGCs, mESC-
like human cells derived from hESCs/
hiPSCs in the presence of forsklin (but in
the absence of reprogramming trans-
genes) could only expand for 15–20
passages before they stopped prolifer-
ating and differentiated (Hanna et al.,
2010).
It is becoming increasingly clear that
even the most purified or defined stem
populations are heterogeneous: they exist
in multiple phenotypically and epigeneti-
cally distinct states that are interchange-
able (Graf and Stadtfeld, 2008). This
view can also apply to in vitro propagated
pluripotent stem cells even if they are
derived clonally. These recent studies of
human and mouse pluripotent cells
collectively demonstrate that genetic
determinants (which differ across species
or various mouse strains), the epigenetic
status of a starting cell population, and
environmental cues (such as culture
conditions) all influence the propensity ofpluripotent cells to adopt a stable or
metastable state that allows them to
self-renew in culture. Those in vitro states
may not exist in vivo at all, or may differ
between different species even if the re-
programmed cells are derived from
comparable origins or developmental
stages. Thus, on the basis of these find-
ings, caution should be employed to
avoid oversimplification in equating an
in vitro state of a particular stem cell line
to an in vivo embryonic state, especially
when comparing different species. More-
over, the new studies also show that
cultured human pluripotent cells can be
converted between distinct states that
exhibit many of the common attributes
of pluripotency but also differ in several
defining ways. More practically, the ability
to grow hESCs/hiPSCs more robustly, like
mESCs, could be useful for many applica-
tions, including genetic manipulations.
Thus, the realization that human pluripo-
tent stem cells can exist in culture in
multiple states will probably help us to
utilize them more effectively in future
studies and clinical applications.REFERENCES
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Stem cells live within a complex environment containing an array of signals that impact cell fate. Recently in
NatureMaterials, Huebsch et. al. (2010) probed the role ofmechanical properties on stem cell integrin binding
and differentiation in three dimensions.Cells live in a complex world and are
exposed to many stimuli in different
forms (Figure 1A). What does a cell see
and experience in a tissue—the local
chemistry, biological signals, texture/morphology, or mechanical environment?
It is hard to believe that it has only been 60
years since HeLa cells were first cultured
(discussed in Skloot, 2010), opening the
door to a plethora of basic and appliedresearch using cells as a tool for discovery
and more recently in tissue engineering as
building blocks for new tissues. After es-
tablishing basic tissue culture techniques,
attention has now moved to consideringell 6, June 4, 2010 ª2010 Elsevier Inc. 499
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Figure 1. Testing the Influence of the Environment on Stem Cell Fate
(A) Cells live in a complex environment that includes an array of stimuli such as chemical and biological
signals in addition to the influence of neighboring cells. The local mechanical environment can also impact
cell behavior. In all cases, these interactions are bidirectional with the cell capable of manipulating the
surrounding environment and vice versa.
(B) Stem cells were encapsulated in hydrogels with different rigidity that contained adhesive peptides that
bind integrins on the cell surface. The elastic modulus of the hydrogel dictated how cells were able to
manipulate, cluster, and bind integrins, ultimately impacting differentiation.
Cell Stem Cell
Previewsthe complex stimuli and interactive envi-
ronment that a cell experiences in native
tissue or extracellular matrix, including
physical interactions with the extracellular
matrix that impact stem cell fate (reviewed
in Guilak et al., 2009). Understanding the
nature of the stem cell environment and
its cues will deepen our understanding of
development, homeostasis, disease, and
regeneration.
In a recent issue of Nature Materials,
Huebsch et al. (2010) investigate the
impact of the mechanical environment
on stem cell differentiation in 3D hydro-
gels (Huebsch et al., 2010). In particular,
the impact of biomaterial mechanical
properties on adhesion ligand presenta-
tion and ultimately mesenchymal stem
cell (MSC) differentiation were studied.
In 2006, work by Engler and colleagues
demonstrated the impact of mechanical
signals on stem cell differentiation in
monolayers and subsequently precipi-
tated intense research activity (Engler
et al., 2006). The basic premise of the
Engler work was that stem cells cultured
on surfaces of varying mechanical prop-
erties differentiated toward specific line-
ages. For example, mesenchymal stem500 Cell Stem Cell 6, June 4, 2010 ª2010 Elscells cultured on softer hydrogels differ-
entiated toward a muscle phenotype,
even when the cells were exposed to
contradictory soluble biological signals.
MSCs cultured on stiffer substrates differ-
entiated toward an osteogenic lineage.
Research has clearly shown, however,
that the 2D and 3D worlds produce vastly
different results in cellular response on
many levels. In 2002, Cuckierman et al.
demonstrated the difference between
cell adhesion complexes in a 2D and
3D matrix environment (Cukierman et al.,
2001). Moving from a 2D to a 3D environ-
ment can also produce vastly different
cellular responses to growth factors
(Hwang et al., 2006). Therefore, the
impact of mechanical cues on stem
cells encapsulated in a 3D environment
would also probably be different. Further-
more, there has been minimal insight
into the mechanisms of these mechanical
influences on stem cell behavior. The
present work moves to a complex 3D
environment and establishes the role of
biomaterial mechanical properties on
stem cell differentiation, and includes
insight into the underlying mechanisms
involved (Huebsch et. al., 2010).evier Inc.In their study, Mooney and colleagues
examined how mechanical properties of
an artificial extracellular matrix provide
cues for determining mesenchymal stem
cell fate in a 3D environment (Huebsch
et. al., 2010). A model matrix was created
by engineering a synthetic ECM contain-
ing the adhesive peptide RGD (Arginine-
Aspartic acid-Lysine) covalently linked to
alginate polymers and varying both the
elastic modulus (E) and the density of
the peptide. These studies found that
matrix rigidity had significant effects on
MSC fate, showing a biphasic relationship
between E and osteogenic commitment,
with osteogenesis peaking at 11–30 kPa.
To study the mechanisms behind this
observation, the authors investigated
whether matrix stiffness regulated integ-
rin-RGD binding and whether this relation-
ship caused changes in cellular pheno-
type. In 3D, RGD binds to a5 integrins,
which were shown to localize within the
cell in an RGD-dependent manner. When
E was varied, a biphasic relationship
between RGD and a5 integrin binding
was observed, peaking at 22 kPa, corre-
lating with osteogenesis. This biphasic
relationship, however, was lost when
the cells were treated with a myosin inhib-
itor, indicating that cell contractility was
necessary for controlling integrin-peptide
binding and ultimately osteogenesis. To
examine the role that cell contractility
plays in peptide-integrin binding, the
authors used FRET to monitor RGD-FITC
and RGD-TAMRA peptides, attached to
different alginate chains. Two hours after
encapsulating the cells, RGD clustering
occurred and was maximized at 22 kPa,
correlating with osteogenesis. These re-
sults suggest that the rigidity of the ECM
plays an important role in determining
cell fate. For example, at intermediate
rigidity, the ECM enables cells to use
traction forces to mechanically reorganize
and cluster the RGD peptides presented in
the ECM (Figure 1B). Although cells are
able to manipulate and process signals
and materials in the pericellular environ-
ment, the local environment can in turn
influence cell behavior. For example,
changes in elasticity outside of a cell may
stimulate changes in the cellular elasticity,
and such changes can then produce
profound alterations in intracellular traf-
ficking (Wirtz, 2009).
One of the challenges of evaluating
stem cell response to varying mechanical
Cell Stem Cell
Previewsenvironments in 3D is the complex
interplay of the properties of individual
materials. The standard method for mani-
pulating the mechanical properties of a
hydrogel is to alter the crosslinking den-
sity. As the crosslinking density increases
in a hydrogel, the porosity decreases,
producing greater mechanical properties
while decreasing the swelling (water
content). Therefore, when a cell is encap-
sulated in a 3D hydrogel with increased
mechanical properties, the porosity is
decreased, which may limit diffusion
and/or transport, and the net mass of
polymer that a cell is exposed to may be
different. The authors previously delin-
eated methods to overcome these chal-
lenges with alginate to isolate variables;
however, it may not be possible with other
biomaterials. Huebsch et al. also tested
the diffusion of albumin through the
hydrogels and did not observe any differ-
ences suggesting similar transport prop-
erties. The diffusion or organization of
larger extracellular matrix molecules may
be influenced by the changing porosity,
but this can be monitored with careful
observation of matrix production (Bryant
and Anseth, 2002). If extracellular matrix
molecules are trapped in the vicinity of
cells, this exposure can produce signaling
back to the cells to alter gene expression,
making results difficult to interpret.
Huebsch et al. avoided this problem
by focusing on early time points (1 and
7 days) so the accumulation of matrixwas minimal and the observed results in
cell behavior could be directly connected
to the mechanical changes.
An important implication of this work
relates to approaches in materials design
and strategy. Historically, tissue engi-
neers took the perspective of synthesizing
a scaffold with similar mechanical proper-
ties as the target tissue. However, this
strategy originated prior to the discovery
of stem cells and their application to
regenerative medicine, which introduced
new cell and developmental biology
requirements to scaffold design. For
example, considering the milieu of stem
cells during tissue development provides
a new perspective on what biological or
mechanical signals should be incorpo-
rated into a biomaterial scaffold, which is
often quite different from the final target
tissue. The importance of this approach
is highlighted in the Huebsch paper, in
which a moderate or ‘‘mid-level’’ of stiff-
ness promoted the greatest MSC differ-
entiation toward an osteogenic lineage.
One would initially assume that a highly
rigid scaffold should be used for engi-
neering new bone to match the properties
of native bone tissue. If stem cells are
employed, though, a highly rigid scaffold
may not be the optimal for promoting
maximal osteogenic differentiation of the
stem cells. This ‘‘non-intuitive’’ approach
for hydrogel/scaffold design has been
observed also in cartilage repair where
stiffer scaffolds implanted in defectsCell Stem Cgenerally produce undesirable fibrocarti-
lage, whereas softer hydrogels promote
hyaline cartilage production (Hoemann
et al., 2005).
Stem cells live in a complex world.
Understanding the basic elements of this
world, and the ability of biomaterials
design to build, probe, and mimic it, will
lead to new fundamental discoveries
with stem cells in addition to more effi-
cient therapeutic applications.REFERENCES
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